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Abstract 
Relative permeability plays a very important role in quantifying the movement and ultimate distribution of CO2 in the 
subsurface for CO2 sequestration projects. In the theories of multiphase flow through porous media, relative permeability has 
been widely assumed to be an intrinsic property of the rock. This assumption remains controversial for the CO2/Brine system 
as Bennion and Bachu have asserted the CO2/Brine relative permeability to be a function of pressure, temperature and salinity. 
This study focuses on simulation of the CO2/Brine system with the aim of reproducing laboratory observations through 
conventional numerical simulation of immiscible multiphase flow. It was discovered that a change in reservoir conditions and 
particularly CO2 viscosity can lead to changing the impact that a natural rock heterogeneity in the core has on the fluid 
distribution. We showed that viscous-pressure-drive determines the extent to which rock heterogeneity matters in a core 
flooding experiment and demonstrated that heterogeneity can lead to a deviation in observed relative permeability from its 
intrinsic value. Given CO2 viscosity changes much more dramatically with reservoir conditions than other fluids, the impact of 
reservoir conditions on relative permeability tests is apparently observed because the changing conditions increases or 
decreases the role of heterogeneity in the core. We therefore concluded that appropriate relative permeability observations 
require a homogeneous fluid distribution and thus flow rates should be used where possible to minimize the impact of 
heterogeneity. 
 
1. Introduction 
The sequestration of CO2 in deep subsurface formations is an important technological development to tackle climate change 
and mitigate the impact of greenhouse gas emission from large industrial sources. The main challenges with the CO2 
sequestration technology currently involve improving characterisation of storage capacity through reduction of uncertainties 
such as permeability and storage efficiency, ensuring CO2 can be trapped within the permeable sections of the formations and 
does not migrate to the surface, and improving displacement efficiency of CO2/Brine system which is characterized with 
inefficient displacement due to an unfavourable mobility compared to Brine/Oil (NETL, 2008). 
 
A number of simulation studies have shown that the relative permeability plays an important role in governing movement and 
immobilization of CO2 plumes. It was demonstrated that the ultimate distribution of CO2 in the subsurface is sensitive to 
relative permeability characteristic curves (Doughty and Pruess, 2004; Kopp et. all, 2009). It was also shown that hysteresis in 
the relative permeability function largely determines the ultimate distribution of the CO2 (Juanes et. all, 2006; Hesse et. all, 
2009). In addition, Flett showed that the magnitude of the trapping is sensitive to variations in hysteresis (Flett et. all, 2004). 
 
In the theories of multiphase flow through porous media, relative permeability has been widely assumed to be an intrinsic 
property of the rock. This assumption remains controversial for the CO2/Brine system as it has been observed that CO2/Brine 
relative permeability is a function of pressure, temperature and salinity (Bennion and Bachu, 2006, 2008). But observations 
with other fluid pairs suggest relative permeability should not change until very high capillary number (Bardon and Longeron, 
1980; Amaefule and Handy, 1982; Fulcher et all, 1985).  
 
1.1 Statement of the Problem 
Previous to this study, drainage relative permeabilities were observed for CO2/Brine across a range of pressure, temperature 
and salinity (Figure 1.11) and saw an impact on relative permeability and saturation. Experimental work was conducted on a 
Bentheimer sandstone core to measure the independent impact on relative permeability by fluid properties such as interfacial 
tension and viscosity ratio. Pressure and salinity conditions varied pertinent to CO2 storage and conditions were selected along 
lines of constant viscosity ratio to isolate the effect of interfacial tension (Reynolds et all, 2014). It was observed a clear CO2 
saturation contrast between the two halves of the core under the lower pressure, lower viscosity conditions (Figure 1.13) and it 
was demonstrated that this was not due to gravity but likely influenced by natural rock heterogeneity in the core. Under the 
higher pressure, high viscosity conditions, however, the saturation contrast became much smaller and less observable. It was 
also observed that the effective relative permeability of CO2 reduced as fluid became more viscous (Figure 1.14).  
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The objective of this research is to study the drainage behaviour of CO2 displacing brine subjected to changing reservoir 
condition and varying thermophysical properties, by interpreting two CO2 core flooding experiments using numerical 
simulation. The aim is to understand if the change in observed relative permeability is due to an intrinsic change in relative 
permeability or due to a change in influence of heterogeneity caused by thermophysical property changes.  
 
 
Figure 1.11 CO2 viscosity conditions of all experiments performed (Reynolds et. all, paper in prep.) 
Exp. No. Start Date S Temperature P IFT exact ρ CO2 ρ brine μ CO2 μ brine Viscosity Ratio 
    mol/kg K bar mN/m kg/m3 kg/m3 Pa s Pa s  
1 25/09/2013 3 338 105 41.00 292 1064 0.0000243 0.000609 0.040 
2 09/03/2014 5 314 121 40.97 711 1132 0.0000577 0.00112 0.051 
Table 1.12 Thermophysical fluid conditions of experiments simulated (Reynolds et. all, paper in prep.) 
 
Figure 1.13 Saturation map of the bentheimer sandstone core (Reynolds et. all, paper in prep.) 
 
Figure 1.14 Observed relative permeability from experiment 1 and 2 (Reynolds et. all, paper in prep.) 
1.2 Outline of Research Approach 
The approach of this study is to build and calibrate a simplistic model using ECLIPSE to simulate the core flooding 
experiments and understand how experiment observables change with changing thermophysical properties. The idea of 
simulating core flooding experiment using reservoir simulator and history matching was firstly suggested by Archer and Wong 
(1971).  
 
The core is represented by a 2D model with homogeneous porosity and permeability. The rock heterogeneity is modelled 
through capillary heterogeneity which is linked to permeability heterogeneity through the Leverett’s J-function, an approach 
developed by Huppler (1970).  
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The model was then calibrated to one of the experiments by inputting a synthetic intrinsic relative permeability curve and 
adjusting the strength of capillary heterogeneity until matching the saturation contrast from the experiments. The utility of this 
approach is we can use the model to produce synthetic relative permeability observables by changing thermophysical fluid 
properties, knowing what the intrinsic relative permeabilities are. 
 
The main challenges with the modelling is to determine an appropriate method for calculating relative permeability outside the 
range of experimental observable saturations and making appropriate assumptions on capillary pressure curve for each half of 
the core based on single mercury-air porosimetry (MICP) measurement. A number of empirical relationships were tested and 
the best results are presented in this report.  
 
2. Simulation Method 
2.1 The Model 
Simulation models were built using the ECLIPSE 100 Blackoil simulator, where brine and supercritical CO2 were modelled as 
two immiscible fluids. The fluid properties were assigned according to measured laboratory values (Table 1.12).  
 
To ensure the model behaves according to conventional multiphase flow theories, a cascade of modelling procedures and 
quality checks were performed (Appendix Figure 8.35) before the model was calibrated to an experiment. This starts with the 
construction of a 1D homogeneous model. We flooded the 1D model with 100% supercritical CO2 and compared the results 
with the Buckley-Leverett analytical solution (Buckley and Leverett, 1942). The 1D model was then enhanced into a 2D 
homogeneous model in a horizontal orientation. We ensured that its water production and average water saturation over time 
matches that of the 1D model, and demonstrates capillary end effect. Subsequently, the model orientation was changed to 
vertical for us to check on water production, average water saturation over time, capillary end effect and gravity effect.  
 
We represented rock heterogeneity with capillary heterogeneity, which is linked to permeability heterogeneity through the 
Leverett’s J-function. Following the check on gravity effect, the capillary heterogeneity was added to the model, assuming a 
modest strength of capillary heterogeneity, to observe the impact of gravity on CO2 saturation contrasts at steady state. This 
confirms one of the key assumptions that the saturation contrast is not due to gravity effect but rather because of rock 
heterogeneity (Figure 2.43).  
 
The 1D and 2D models have the same cross-sectional area and length as the core used during the experiments (Appendix 
Table 8.32). Injection wells are placed in each cell on the inlet boundary and production wells are placed in each cell on the 
outlet boundary as shown in Figure 3.11. The inlet and outlet boundaries are set with zero capillary entry pressure to create 
capillary end effect.  Injectors are controlled by rates at core conditions while production wells are controlled by bottom-hole 
pressure (BHP). General rock properties are modelled according to lab measurements conducted (Appendix Table 8.31). 
Detailed conditions for each fractional flow stages can be found in the Appendix Table 8.33 and 8.34. 
 
We produce synthetic observed relative permeability from simulations using Darcy’s Law: 
 𝑄𝑖(𝑆𝑤) = 𝑄𝑓𝑖(𝑆𝑤) =
𝑘𝑘𝑟,𝑖(𝑆𝑤)𝐴
𝜇𝑖
∆𝑃
𝐿
 (1) 
Where 𝑄𝑖  is the volumetric injection rate for each phase, 𝑄 is the total volumetric injection rate, 𝑓𝑖 is the fractional flow rate 
for each phase, 𝑆𝑤 is the average water saturation in the core for each fractional flow stage, 𝑘 is the absolute permeability of 
the core, 𝑘𝑟,𝑖  is the relative permeability for each phase, 𝐴 is the cross-sectional area of the core, 𝜇𝑖 is the viscosity for each 
phase, ∆𝑃 is the pressure drop across the core and 𝐿 is the length of the core. 
 
 
Figure 2.11 Model Well Placements 
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2.2 Model Parameter – Relative Permeability 
Describing relative permeability in a numerical simulation model requires approximation outside the range of experimental 
observable saturations. A good fit to experimental observables can be achieved by using standard empirical functions and 
making proper choice of relative permeability end points.  
 
For modelling purpose, we made following assumptions regarding the end points, which are aligned with typical relative 
permeability of sandstone rock with a strong wetting phase (Craig, 1971): 
 𝑘𝑟,𝑤
𝑜  the end point relative permeability of water is 0.85 
 𝑘𝑟,𝑛𝑤
𝑜  the end point relative permeability of non-water phase is 1 
 𝑆𝑛𝑤,𝑟 the irreducible saturation for non-water phases is 0 
 𝑆𝑤,𝑖𝑟 the irreducible saturation for water phase is 0.135 (Hammervold Thomas, 2004) 
 
In this study, Corey et. all (1956) and Chierici (1981) empirical functions were used:  
 𝑘𝑟,𝑤 = 𝑘𝑟,𝑤
𝑜 (
𝑆𝑤 − 𝑆𝑤,𝑖𝑟
1 − 𝑆𝑤,𝑖𝑟 − 𝑆𝑛𝑤,𝑟
)𝑛 (2) 
 𝑘𝑟,𝑛𝑤 = 𝑘𝑟,𝑛𝑤
𝑜 (
1 − 𝑆𝑤 − 𝑆𝑛𝑤,𝑟
1 − 𝑆𝑤,𝑖𝑟 − 𝑆𝑛𝑤,𝑟
)𝑚 (3) 
Where 𝑘𝑟,𝑤
𝑜  and 𝑘𝑟,𝑛𝑤
𝑜  are end point relative permeability of water and non-water phases, 𝑆𝑤 is the water saturation, 𝑆𝑤,𝑖𝑟  and 
𝑆𝑛𝑤,𝑟 are the irreducible saturation for water and non-water phases, and 𝑛 and 𝑚 are the exponents. (Corey et. all, 1956) 
 𝑘𝑟,𝑤 = exp⁡(−𝐴𝑅𝑛𝑤
𝐿 ) (4) 
 𝑘𝑟,𝑛𝑤 = exp⁡(−𝐵𝑅𝑛𝑤
−𝑀) (5) 
 𝑅𝑛𝑤 =
𝑆𝑛𝑤 − 𝑆𝑛𝑤,𝑟
1 − 𝑆𝑤,𝑖𝑟 − 𝑆𝑛𝑤
 (6) 
Where 𝑆𝑛𝑤 is the saturation of non-water phase, 𝑆𝑤,𝑖𝑟  and 𝑆𝑛𝑤,𝑟  are the irreducible saturation for water and non-water phases, 
𝐴 and 𝐵 are the fitting parameters, and 𝐿 and 𝑀 are the exponents. (Chierici, 1981) 
 
Relative permeability measured from the experiment 1 was fitted using the Corey function. Normal distribution weighted 
least-square fitting was used so that both relative permeability and fractional flow curves can be matched. Relative 
permeability measured from the experiment 2 was fitted using the Chierini function. Least-square fitting was performed on 
fractional error terms so that both relative permeability and fractional flow curves can be matched.  
 
Figure 2.21 Empirical representation of measured relative permeability 
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It was found that the Corey function cannot provide a good description on the relative permeability observed from the 
experiment 2 as it overestimates relative permeability for high water saturation which effectively shifts the crossover point of 
fractional flow curves to the right (Figure 2.21). 
 
2.3 Model Parameter – Capillary Heterogeneity  
The measurements of capillary pressure were obtained using mercury-air porosimetry (MICP). The Young-Laplace equation 
was used to convert the measurements from Hg/air to the CO2/water system (Brown, 1951): 
 𝑃𝑐(𝐶𝑂2/𝑊) = 𝑃𝑐(𝐻𝑔/𝑎)
𝜎(𝐶𝑂2/𝑊)𝑐𝑜𝑠𝜃(𝐶𝑂2/𝑊)
𝜎(𝐻𝑔/𝑎)𝑐𝑜𝑠𝜃(𝐻𝑔/𝑎)
 (7) 
Where 𝑃𝑐(𝐶𝑂2/𝑊) and 𝑃𝑐(𝐻𝑔/𝑎) are the capillary pressure for CO2/water system and mercury/air system, 𝜎(𝐶𝑂2/𝑊) and 𝜎(𝐻𝑔/𝑎) 
are the interfacial tension for CO2/water system and mercury/air system, and 𝜃(𝐶𝑂2/𝑊) and 𝜃(𝐻𝑔/𝑎) are the contact angle 
measured in the wetting phase for the CO2/water system and mercury/air system 
 
A number of empirical models were stated in the literature to describe the mercury injection capillary pressure data. The 
Thomeer model describes the relationship as below (Thomeer, 1960): 
 𝑃𝑐 = 𝑃𝑐𝑡(
1 − 𝑆𝑛𝑤,𝑟
𝑠𝑛𝑤 − 𝑠𝑛𝑤,𝑟
)1/𝜆 (8) 
Where 𝑃𝑐𝑡  is the capillary entry pressure and 𝜆 is the exponent that determine the shape of the curve. 
 
Silin et. all through their work of modelling buoyancy-driven two-phase countercurrent fluid flow proposed the following 
relationship (Silin et. all, 2009): 
 𝐽(𝑆𝑤) =
𝑃𝑐
𝛾
√
𝑘
𝜙
= 𝐴 (
1
𝑆𝑤
𝜆1
− 1) + 𝐵(1 − 𝑆𝑤
𝜆2)1/𝜆2  (9) 
Where 𝐽(𝑆𝑤) is Leverett’s J-function, 𝑃𝑐 is capillary pressure, 𝛾 is interfacial tension, 𝑘 is absolute permeability of the rock, 𝜙 
is porosity of the rock,  𝐴 and 𝜆1 are non-unique parameters that determines the shape of the lower water saturation part on the 
capillary pressure as it approaches irreducible water saturation, and 𝐵 and 𝜆2 are non-unique parameters that determines the 
shape of the higher water saturation part on the capillary pressure. 
 
To model the capillary heterogeneity for each half of the core, we firstly fitted capillary pressure measurements for the 
CO2/water system with both empirical relationships. The capillary pressure curve for each half was then characterized with the 
same shape exponents (𝜆, or 𝜆1 and 𝜆2) but different capillary entry pressure (𝑃𝑐𝑡  or 𝐵). The capillary entry pressure for each 
core half deviates from the measured average capillary entry pressure by a fraction defined by the capillary pressure contrast. 
For example, a capillary pressure contrast of two times would see the lower capillary pressure half down by a fraction of 1/√2 
and the higher capillary pressure half up by a fraction of √2 from the measured average capillary entry pressure. 
 
Figure 2.31 shows the difference in capillary pressure curves estimated by both empirical functions when the capillary entry 
pressure contrast is at two times between the higher and lower half. Unlike the Thommers function, the Silin et. all function 
allows capillary pressure to converge towards the residual water saturation. This plays an important role in successfully 
matching the saturation contrasts from the experiments. As it will be shown in the later part of this report that the weaker 
impact of heterogeneity tributes to higher capillary pressures being reached during the core flooding experiments. 
 
Figure 2.31 Empirical representations of capillary pressure curves at 2x capillary entry pressure contrast 
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2.4 Quality Checks 
Buckley-Leverett analysis was conducted on the fractional flow obtained from experiment 1 (Appendix Figure 8.37). The 
analytical solution was compared with simulation results of 1D homogenous model and 2D homogeneous model with no 
gravity impact (Figure 2.41).  
 
Figure 2.41 Comparisons of homogeneous models with Buckley-Leverett analysis 
Gravity impact was firstly checked by observing the impact on flooding front and steady state saturation in a homogeneous 
model (Figure 2.42). The model was then enhanced with capillary heterogeneity, where a small contrast in capillary entry 
pressure is set between the two halves of the core. Negligible difference in saturation profile between the horizontal and 
vertical orientation was observed (Figure 2.43). This confirms that the saturation contrast observed in the experiment 1 was 
due to rock heterogeneity. Further check on saturation profile (Appendix Figure 8.12) confirms the capillary end effects 
(Richardson et. all 1952, Hadley et. all 1956, Perkins et. all 1957, Huang et. all 1998).  
 
Figure 2.42 Gravity impact on homogeneous model 
 
Figure 2.43 Gravity impact on heterogeneous model 
3. Results and Analysis 
3.1 Comparison with Laboratory Observations 
After the quality check procedures, the model was firstly calibrated to the experiment 1. Figure 3.11 (full results in Appendix 
Figure 8.13) shows that at capillary entry pressure contrast of 1.5 times, good matches were obtained on observed relative 
permeability, observed fractional flow curves, pressure drops and saturation contrasts between the two halves of the core.  
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Figure 3.11 Snapshots of simulation results 
Condition: capillary pressure contrast (x1.5), relative permeability (Exp. 1), thermophysical fluid condition (Exp. 1) 
The thermophysical fluid conditions including pressure, density and viscosity were then changed to that of experiment 2 while 
keeping the relative permeability and capillary entry pressure contrast fixed. Figure 3.12 (full results in Appendix Figure 8.14) 
shows that good matches were obtained on saturation contrasts between the two halves of the core. However, we were not able 
to match the pressure drop and duplicate the change in observed relative permeability from the experiment.  
 
 
Figure 3.12 Snapshots of simulation results 
Condition: capillary pressure contrast (x1.5), relative permeability (Exp. 1), thermophysical fluid condition (Exp. 2) 
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The model was then calibrated to experiment 2 as in Appendix Figure 8.15. The thermophysical fluid condition was changed 
to that of experiment 1 and the result is shown in Appendix Figure 8.16. Combining with the results from the previous 
simulation pairing, it shows that depending on thermophysical properties, heterogeneity can have different impact on fluid 
distribution in CO2 Brine core flooding experiments according to different thermophysical fluid properties.  
 
The reason why heterogeneity interacts with thermophysical fluid properties in the CO2/Brine system therefore can be 
explained through multiphase flow theories. It was also noticed that at higher pressure drops, fluids tend to get more 
homogeneously distributed in the core. These will be discussed in Section 4. 
 
3.2 Impact of Heterogeneity on Observed Relative Permeability 
The simulation results from Section 3.1 showed that a change in thermophysical fluid properties can lead to changing impact 
of heterogeneity, although we didn’t see any change in observed relative permeability. In this part of the study, we increased 
the strength of capillary heterogeneity to investigate the impact of heterogeneity on experimental observables.  
 
First of all, in a completely homogeneous model, simulation results (Appendix Figure 8.11a and 8.11b) suggests that observed 
relative permeability shouldn’t deviate from its true characteristics.  
 
While increasing the capillary pressure contrasts, Figure 3.21 (full simulation results in Appendix Figure 8.17 and 8.18) shows 
that stronger capillary heterogeneity would cause further separation of fluids in the core, with more CO2 in the more permeable 
half and water in the other. The higher the degree of separation of fluids, the less pressure drop across the core, as fluids in 
each half of the core reach higher saturation than the average core saturation. While the CO2/Brine relative permeability 
measurements are assigned by average core saturation, this causes the observed relative permeability to deviate from its 
intrinsic value when the strong separation of the fluids occurs. Therefore heterogeneous fluid distribution can lead to a 
deviation in observed relative permeability from its intrinsic values. 
 
Figure 3.21 Snapshots of simulation results with increasing capillary pressure contrasts 
Although we were not able to perfectly reproduce the pattern of change in observed relative permeability between the 
experiments, we showed that the impact of reservoir conditions on relative permeability tests is apparently observed because 
the changing conditions increases or decreases the role of heterogeneity in the core (snapshot in Figure 3.22; full data in 
Appendix Figure 8.19). 
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Figure 3.22 Snapshots of Comparison between Experiment 1 and 2 Observations 
4. Discussion 
The results presented in Sections 3.1 showed that when more viscous-pressure-drive is reached in the simulation, the fluids 
tend to get more evenly distributed among the two halves of the core therefore reducing the impact of heterogeneity.  In 
Section 3.2, we showed that heterogeneity can lead to a deviation in observed relative permeability from its intrinsic values. 
Therefore changing reservoir conditions and thus CO2 viscosity can lead to a change in observed relative permeability.  
 
Moreover, we believe there is a clear storyline backed by evidences from the simulations showing that viscous-pressure-drive 
determines the capillary pressure achieved during the core flooding experiments, which leads to the change in heterogeneity 
characteristics we saw in fluid distribution. 
 
 
Figure 4.11 Experiment 1 simulation results: half core ave. capillary pressure vs. saturation at each fractional flow stage 
HPc:  high capillary entry pressure half core; LPc: low capillary entry pressure half core 
HPc 10: value of high capillary entry pressure half core at fractional flow stage 10 
 
Figure 4.12 Experiment 2 simulation results: half core ave. capillary pressure vs. saturation at each fractional flow stage 
HPc:  high capillary entry pressure half core; LPc: low capillary entry pressure half core 
HPc 10: value of high capillary entry pressure half core at fractional flow stage 10 
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Figure 4.11 and 4.12 illustrates the average capillary pressure and water saturation outputted from numerical simulation for 
each fractional flow stages performed at experiment 1 and 2. It shows that higher capillary pressures were reached for most 
fractional flow stages in experiment 2 than experiment 1. Because of the characteristics of capillary heterogeneity which 
converges towards the residual water saturation, the result is reduced saturation contrasts between the two halves of the core.  
 
The pressure drop chart in Appendix Figure 8.19 shows that higher pressure drops achieved during the experiment 2 tributes to 
increase in viscosity. It implies that there is a connection between the pressure drop across the core and capillary pressure 
achieved during the experiment, as likely the pressure drop sets the ceiling on how much capillary pressure can be achieved in 
the core during the experiment. 
 
Moreover, CO2 viscosity changes much more dramatically with reservoir conditions than other fluids (Figure 4.13). Thus for 
CO2, changing reservoir condition alters the impact of heterogeneity much more dramatically than other fluids. This is 
probably the reason why relative permeability changes under reservoir conditions have not been observed for other fluid pairs. 
 
 
Figure 4.13 Viscosity change of CO2 vs. other reservoir fluids 
Figure 4.14 shows the unsteady state core flooding experiment conducted by Berg et. all (2014). It was observed that the 
impact of heterogeneity changes as the fluid pair was altered from decane/brine to CO2/brine. The result of the fluid pair 
change was an observed shift in relative permeability, similar to the observation by Reynold et. all.  
 
Figure 4.15 shows the observed relative permeability change on Cardium sandstone core in the steady state core flooding 
experiment conducted by Bennion and Bachu (2006). The pore size distribution of the Cardium sandstone core is 
heterogeneously “widespread” where as a typical homogeneous core such as Viking #1 sandstone would see a “spike” pore 
size distribution. Thus it is likely that the impact of reservoir conditions on relative permeability tests was apparently observed 
in the experiments conducted by Bennion and Bachu as changing conditions increases or decreases the role of heterogeneity in 
the core, which leads to changes in observed relative permeability.  
 
 
 
Figure 4.14 Unsteady state core flooding experiment conducted by Berg et. all (2011) 
a. Observed relative permeability change with changing fluid pair 
b. Changing impact of heterogeneity with changing fluid pair in experiments (left) and simulations (right) 
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Figure 4.15 Steady state core flooding experiment conducted by Bennion and Bachu (2006) 
a. Observed relative permeability change with changing IFT on Cardium sandstone core  
b. Pore side distribution of Cardium sandstone core vs. Viking sandstone core  
Appropriate relative permeability observations require a homogeneous fluid distribution and thus flow rates should be used 
where possible to ensure that the capillary pressure achieved during the core flooding experiment is much greater than 
characteristic heterogeneity in the system therefore minimizing the impact of heterogeneity.  
 
From our simulation observations (Figure 4.11, 4.12 and Appendix Figure 8.19), it is interesting that the ratio of maximum 
capillary pressures achieved was only a fraction of ratio of viscous pressures between the two experiments, and the average 
capillary pressure achieved are not equal between the two halves of heterogeneity. We believe future work to quantify 
relationship between heterogeneity impact and viscosity, and quantitative analysis of the meaning of heterogeneity in the 
context of coreflooding would be worthwhile to improve experimental design for CO2 core flooding. 
 
5. Conclusions 
In this study, a set of numerical simulations were performed with simple immiscible multiphase flow models to simulate two 
experiments with different thermophysical fluid properties. We showed that viscous-pressure-drive determines the extent to 
which heterogeneity matters in a core flooding experiment and heterogeneity can lead to a deviation in observed relative 
permeability from its intrinsic value. Thus the impact of reservoir conditions on relative permeability tests was apparently 
observed in the experiments conducted by Reynolds et. all (paper in prep.), and Bennion and Bachu (2006 and 2008), as 
changing conditions increases or decreases the role of heterogeneity in the core. 
 
We demonstrated that the interaction between the reservoir condition and heterogeneity is due to a change in viscous pressure 
which influences the level of CO2/Water capillary pressure reached in the core therefore impacts the heterogeneity 
characteristics presented in the saturation profile. 
 
It is concluded that appropriate relative permeability observations require a homogeneous fluid distribution. As CO2 viscosity 
changes much more dramatically with reservoir conditions than other fluids, flow rate should be used where possible to ensure 
that the capillary pressure achieved during the experiment is much greater than characteristics heterogeneity in the system, 
therefore minimizing the impact of heterogeneity. 
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7. Nomenclature 
 
𝑘 = Absolute Permeability of the core, m2 
𝐴 = Cross-sectional area of the core, m2 
𝑃𝑐𝑡  = Capillary Entry Pressure, Pa 
𝑁𝑐 = Capillary Number 
𝑃𝑐 = Capillary Pressure, Pa 
𝑞 = Darcy fluid velocity, m/s 
𝑘𝑟,𝑤
𝑜  = End Point Relative Permeability of the Wetting Phase 
𝑘𝑟,𝑛𝑤
𝑜  = End Point Relative Permeability of the Non-wetting Phase 
𝑓𝑤 = Fractional Flow of Water 
𝑓𝐶𝑂2 = Fractional Flow of CO2 
𝑛 = Exponent that determine the Characteristics of the Brine Relative Permeability Curve 
𝑚 = Exponent that determine the Characteristics of the CO2 Relative Permeability Curve 
𝜆 = Exponent that determine the Characteristics of the Capillary Pressure Curve 
𝜇 = Fluid viscosity, Pa.s 
𝛾 = Interfacial tension, N/m 
𝜎(𝐶𝑂2/𝑊) = Interfacial tension between CO2 and Water in CO2/Water system, N/m 
𝜎(𝐻𝑔/𝑎) = Interfacial tension between Mercury and Air in Mercury/Air system, N/m 
𝜃(𝐶𝑂2/𝑊) = Interfacial contact angle between CO2 and Water in CO2/Water system, N/m 
𝜃(𝐻𝑔/𝑎) = Interfacial contact angle between Mercury and Air in Mercury/Air system, N/m 
𝑆𝑤,𝑖𝑟  = Irreducible Saturation of the Wetting Phase 
𝑆𝑛𝑤,𝑟  = Irreducible Saturation of the Non-wetting Phase 
𝐿 = Length of the core, m 
𝐽 = Leverett’s J-function 
∆𝑃 = Pressure Drop across the core during the core flooding experiment, Pa 
𝜙 = Porosity of the Core 
𝑘𝑟,𝑤 = Relative Permeability of the Wetting Phase 
𝑘𝑟,𝑛𝑤 = Relative Permeability of the Non-wetting Phase 
𝑆𝑤 = Saturation of the Wetting Phase (Water Saturation in CO2/Water system) 
𝑆𝑛𝑤 = Saturaiton of the Non-wetting Phase (CO2 Saturation in CO2/Water system) 
𝜇𝑛𝑤 = Viscosity of non-wetting phase, Pa.s 
𝜇𝑤 = Viscosity of wetting phase, Pa.s 
𝑀 = Viscosity ratio 
𝑄 = Volumetric Flow Rate, m3/s 
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8. Appendix 
 
8.1 Results from Numerical Simulations 
 
Figure 8.11a Relative permeability from homogeneous simulation model  
Condition: relative permeability (Exp. 1), thermophysical fluid properties (Exp.1) 
 
Figure 8.11b Relative permeability from homogeneous simulation model  
Condition: relative permeability (Exp. 2), thermophysical fluid properties (Exp.2) 
 
Figure 8.12 Evidence of capillary end effect in 2D numerical model 
 
0
0.2
0.4
0.6
0.8
1
0 0.2 0.4 0.6 0.8 1
F
ra
c
ti
o
n
a
l 
F
lo
w
Sw
0.00001
0.0001
0.001
0.01
0.1
1
0 0.2 0.4 0.6 0.8 1
R
e
la
ti
v
e
 P
e
rm
e
a
b
il
it
y
Sw
F
ra
c
ti
o
n
a
l 
F
lo
w
Brine lab
CO2 lab
Brine sim observed
CO2 sim observed
Brine sim input
CO2 sim input
0.0001
0.001
0.01
0.1
1
0 0.2 0.4 0.6 0.8 1
R
e
la
ti
v
e
 P
e
rm
e
a
b
il
it
y
Sw
0
0.2
0.4
0.6
0.8
1
0 0.2 0.4 0.6 0.8 1
F
ra
c
ti
o
n
a
l 
F
lo
w
Sw
0
0.2
0.4
0.6
0.8
1
0 0.2 0.4 0.6 0.8 1
F
ra
c
ti
o
n
a
l 
F
lo
w
Sw
Brine lab
CO2 lab
Brine sim observed
CO2 sim observed
Brine sim input
CO2 sim input
0.00
0.20
0.40
0.60
0.80
1.00
0 5 10 15 20 25
C
O
2
 S
at
u
ra
ti
o
n
Distance along the core, cm
Middle of Lower Pc Half Middle of Higher Pc Half
16  [An Investigation into the Influence of Thermophysical Fluid Properties on CO2 Brine Core Flooding Experiments] 
Figure 8.13 Comparisons of simulation results with experiment 1 observations 
Condition: capillary pressure contrast (x1.5), relative permeability (Exp. 1), thermophysical fluid condition (Exp. 1) 
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Figure 8.14 Comparisons of simulation results with experiment 2 observations 
Condition: capillary pressure contrast (x1.5), relative permeability (Exp. 1), thermophysical fluid condition (Exp. 2) 
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Figure 8.15 Comparisons of simulation results with experiment 2 observations 
Condition: capillary pressure contrast (x1.5), relative permeability (Exp. 2), thermophysical fluid condition (Exp. 2) 
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Figure 8.16 Comparisons of simulation results with experiment 1 observations 
Condition: capillary pressure contrast (x1.5), relative permeability (Exp. 2), thermophysical fluid condition (Exp. 1) 
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Figure 8.17 Comparisons of simulation results under different heterogeneities for experiment 1 
Condition: relative permeability (Exp. 1), thermophysical fluid condition (Exp. 1) 
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Figure 8.18 Comparisons of simulation results under different heterogeneities for experiment 2 
Condition: relative permeability (Exp. 2), thermophysical fluid condition (Exp. 2) 
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Figure 8.19 Comparisons of lab observations for experiment 1 and 2 (Reynolds et. all, paper in prep.) 
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8.2 Direct Contributions from Reference Papers 
 
Title: The Impact of Reservoir Conditions on CO2-Brine Relative Permeability and the Spatial Distribution of Fluids in 
Sandstones (in preparation) 
Authors: Reynolds, C.A., Blunt, M., Krevor, S.C.M. 
Contribution to this Study: This study used the experimental conditions to conduct numerical simulations. Experiment 
observations were used to compare results of simulations. The hypothesis developed from the laboratory work was the 
research focus of this study.  
 
 
Title: Use of Reservoir Simulator to Interpret Laboratory Waterflood Data (SPE 3551) 
Authors: Archer, J.S. and Wong, S.W. 
Contribution to this Study: Defined an approach to model laboratory core flooding experiments using reservoir simulator and 
make correction on relative permeability characteristics obtained from laboratory through history matching. 
Objective of the Paper: Improve relative permeability curves calculated from unsteady state core flooding using the JBN 
method  
Methodology Used: Reservoir simulation and history matching 
Conclusion Reached: Proved that the reservoir simulation approach could provide meaningful relative permeability curves for 
heterogeneous carbonates and sandstones. 
 
 
Title: Numerical Investigation of the Effects of Core Heterogeneities on Waterflood Relative Permeabilities (SPE 2874) 
Authors: Huppler, J.D. 
Contribution to this Study: Defined an approach to use numerical modelling techniques to investigate the effects of common 
core heterogeneities on waterflood relative permeability results and showed that characteristic heterogeneity is modelled 
through capillary pressure curves 
Objective of the Paper: Investigate the effects of common core heterogeneities on waterflood relative permeability results 
Methodology Used: Characteristic heterogeneity is modelled through capillary pressure curves 
Conclusion Reached: Channel-like heterogeneities have major influence on flooding behaviour 
 
 
Title: Novel Relations for Drainage and Imbibition Relative Permeabilities (SPE 10165) 
Authors: Chierici, G.L. 
Contribution to this Study: This study used an empirical function proposed in this paper, which represents relative 
permeability as 
𝑘𝑟,𝑤 = exp⁡(−𝐴𝑅𝑛𝑤
𝐿 ), 𝑘𝑟,𝑛𝑤 = exp⁡(−𝐵𝑅𝑛𝑤
−𝑀), where 𝑅𝑛𝑤 =
𝑆𝑛𝑤−𝑆𝑛𝑤,𝑟
1−𝑆𝑤,𝑖𝑟−𝑆𝑛𝑤
 
Objective of the Paper: Present exponential four- and five-parameter equations for gas/oil drainage and water/oil imbibition 
relative permeability curves 
Methodology Used: Proved that the equations match the experimentally determined curves better than standard Corey et. all 
Conclusion Reached: The proposed model is particularly suitable to describe gas percolation in numerical simulation of 
dissolved-gas-drive reservoirs. 
 
 
Title: A Model of Buoyancy-Driven Two-Phase Countercurrent Fluid Flow (Transp Porous Med (2009) 76:449-469) 
Authors: Silin, D., Patzek, T., and Benson, S.M. 
Contribution to this Study: This study used an empirical function proposed in this paper, which represents Leverett’s J-
function as 𝐴 (
1
𝑆𝑤
𝜆1
− 1) + 𝐵(1 − 𝑆𝑤
𝜆2)1/𝜆2   
Objective of the Paper: Analytically solve a model of gas flow driven by combination of buoyancy, viscous and capillary 
forces.  
Methodology Used: Analyse traveling-wave solutions that describe propagation of the top and bottom of the gas plume.  
Conclusion Reached: Showed that the analytical results can be applied to studying gas leaks from deep geological formations 
as well as secondary hydrocarbon migration.  
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Table 8.21 Milestones on Influence of Thermophysicial Fluid Property on CO2/Brine Relative Permeability 
Paper n Year Title Authors Contribution 
SPE 2874 1970 Numerical Investigation of the 
Effects of Core Heterogeneities on 
Waterflood Relative Permeabilities 
Huppler Defined an approach to use numerical modelling 
techniques to investigate the effects of common 
core heterogeneities on waterflood relative 
permeability results and showed that characteristic 
heterogeneity is modelled through capillary 
pressure curves 
SPE 3551 1973 Use of Reservoir Simulator to 
Interpretat Laboratory Waterflood 
Data 
Archer and Wong Defined an approach to model labolatory core 
flooding experiments using reservoir simulator and 
correction of relative permeabilitycharacteristics 
through history matching. 
SPE 102138 2006 Dependence on T, P and Salinity of 
the IFT and Relative Permeability 
Displacement Charateristics of CO2 
Injected in Deep Saline Aquifers 
Bennion and Bachu Experiment results show CO2 endpoint rel. perm. 
Increases and trapped gas saturation on secondary 
imbibition decreases as IFT decreases, which was 
concluded that IF has a strong effect on relative 
permeability for CO2/Brine system. 
Enviorn Geol 
(2008)  
54:1707-1722 
2008 Effects of in-situ Conditions on 
Relative Permeability Characteristics 
of CO2-Brine Systems 
Bachu and Bennion Shows dependence on IFT of the CO2/Brine 
relative permeability during drainage and 
imbibition.  
Transp Porous 
Med (2009) 
76:449-469 
2009 A Model of Buoyancy-Driven Two-
Phase Countercurrent Fluid Flow 
Silin, Patzek and 
Benson 
Presented a formula to parameterize the Leverett’s 
J-function to fit capillary pressure curve. 
SPE 153954 2012 Analytical study of Effects of Flow 
Rate, Capillarity, and Gravity on 
CO2/Brine Multiphase-Flow System 
in Horizontal Corefloods 
Kuo and Benson Provides a semianalytical solution for predicting 
the average saturation for different rock properties 
and fluid pairs. 
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8.3 Other Appendix Tables and Figures 
 
Table 8.31 Physical condition of core flooding experiments performed by Reynolds C. 
ROCK: Bentheimer 
Porosity Abs. Perm. (Kabs) Length Cross-sectional Area Total Inje. Rate (Qt) 
[-] [D] [m] [m2] [ml/min] 
0.224 2.12952 0.239 0.001125774 20 
 
Table 8.32 Grid dimension of numerical models 
 
1D Model - Horizontal 2D Model - Horizontal 2D Model - Vertical 
Dimension No Grid Grid Width (m) No Grid Grid Width (m) No Grid Grid Width (m) 
I (Horizontal) 1 0.037860005 16 0.002366250 1 0.037860005 
J (Horizontal) 126 0.001896825 126 0.001896825 126 0.001896825 
K (Vertical) 1 0.037860005 1 0.037860005 16 0.002366250 
 
Table 8.33 Fractional flow stages of the experiment 1 
Stage Start time End time Sco2 Sw fco2 qco2 qw 
Average 
pressure 
drop Time of average pressure drop 
      
ml/min ml/min bar start time end time 
1 27/09/2013 10:08 27/09/2013 12:18 0.171 0.829 0.00130 0.026 19.974 0.4682 27/09/2013 12:00 27/09/2013 12:14 
2 27/09/2013 12:18 27/09/2013 14:28 0.189 0.811 0.00740 0.148 19.852 0.4806 27/09/2013 14:21 27/09/2013 14:23 
3 27/09/2013 14:28 27/09/2013 15:26 0.196 0.804 0.03115 0.623 19.377 0.5956 27/09/2013 15:19 27/09/2013 15:20 
4 27/09/2013 15:26 27/09/2013 16:57 0.241 0.759 0.10760 2.152 17.848 0.7974 27/09/2013 16:40 27/09/2013 16:52 
5 27/09/2013 16:57 27/09/2013 18:25 0.278 0.722 0.29560 5.912 14.088 0.7834 27/09/2013 17:48 27/09/2013 18:21 
6 27/09/2013 18:25 27/09/2013 19:31 0.325 0.675 0.58435 11.687 8.313 0.5985 27/09/2013 19:24 27/09/2013 19:26 
7 27/09/2013 19:31 27/09/2013 20:11 0.349 0.651 0.82285 16.457 3.543 0.3083 27/09/2013 19:48 27/09/2013 20:05 
8 27/09/2013 20:11 27/09/2013 21:00 0.443 0.557 0.95430 19.086 0.914 0.1459 27/09/2013 20:32 27/09/2013 20:55 
9 27/09/2013 21:00 27/09/2013 22:26 0.533 0.467 0.98985 19.797 0.203 0.1030 27/09/2013 21:28 27/09/2013 22:19 
10 27/09/2013 22:26 28/09/2013 15:45 0.635 0.365 0.99925 19.985 0.015 0.0746 28/09/2013 15:22 28/09/2013 15:36 
 
Table 8.34 Fractional flow stages of the experiment 2 
Stage Start time End time Sco2 Sw fco2 qco2 qw 
Average 
pressure 
drop Time of average pressure drop 
      
ml/min ml/min bar start time end time 
1 10/03/2014 08:44 11/03/2014 07:46 0.387 0.613 0.0466 0.932 19.068 4.8337 11/03/2014 07:28 11/03/2014 07:47 
2 11/03/2014 08:22 11/03/2014 09:27 0.384 0.616 0.14935 2.987 17.013 4.7736 11/03/2014 08:59 11/03/2014 09:23 
3 11/03/2014 09:27 11/03/2014 10:17 0.401 0.599 0.5215 10.43 9.57 3.5838 11/03/2014 09:50 11/03/2014 10:13 
4 11/03/2014 10:17 11/03/2014 10:59 0.431 0.569 0.82925 16.585 3.415 1.9338 11/03/2014 10:36 11/03/2014 10:56 
5 11/03/2014 10:59 11/03/2014 11:59 0.455 0.545 0.92285 18.457 1.543 1.1480 11/03/2014 11:39 11/03/2014 11:56 
6 11/03/2014 11:59 11/03/2014 13:06 0.472 0.528 0.95645 19.129 0.871 0.7674 11/03/2014 12:43 11/03/2014 13:03 
7 11/03/2014 13:06 11/03/2014 14:28 0.493 0.507 0.97595 19.519 0.481 0.5417 11/03/2014 13:57 11/03/2014 14:20 
8 11/03/2014 14:28 11/03/2014 16:10 0.520 0.480 0.98695 19.739 0.261 0.3785 11/03/2014 15:42 11/03/2014 16:07 
9 11/03/2014 16:10 11/03/2014 17:10 0.540 0.460 0.99305 19.861 0.139 0.2571 11/03/2014 16:47 11/03/2014 17:07 
10 11/03/2014 17:10 11/03/2014 18:43 0.574 0.426 0.99735 19.947 0.053 0.1740 11/03/2014 18:13 11/03/2014 18:39 
11 11/03/2014 18:43 11/03/2014 21:10 0.610 0.390 0.99905 19.981 0.019 0.1100 11/03/2014 20:43 11/03/2014 21:05 
12 11/03/2014 21:10 12/03/2014 09:38 0.687 0.313 0.99985 19.997 0.003 0.0739 12/03/2014 08:45 12/03/2014 09:30 
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Figure 8.35 Coding and QC procedure to setup the numerical simulation model 
 
 
Figure 8.36 Procedures to history-match numerical model to experiment conditions 
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Figure 8.37 Buckley-Leverett analysis performed 
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